ABSTRACT Chromatin in the 5' flanking region of the transcriptionally active chicken adult 8 (P1A) globin gene is hypersensitive to nuclease digestion. When plasmids carrying this gene are combined with histones in the presence of extracts from 9-day-old chicken erythrocyte nuclei, the resultant complex displays hypersensitive behavior in the same region. No such behavior is observed with extracts from cells in which the pA-globin gene is not expressed. Partially purified preparations of the factor conferring hypersensitivity bind preferentially to DNA fragments containing the hypersensitive region.
the chicken adult /3 (,3A) globin gene in erythrocyte nuclei from 14-day-old chicken embryos. We showed that the sensitivity is not confined to a single point site but involves a domain starting 70 nucleotides upstream from the site of transcription initiation and extending about 200 nucleotides in the 5' direction. The domain is sensitive to all nucleases that have been tested, including restriction endonucleases for which there are appropriate recognition sequences. When one of these endonucleases, Msp I, is used to digest chicken erythrocyte nuclei in which the PA-globin gene is being expressed, a 115-base-pair (bp) fragment is excised from the hypersensitive region and is released from the nuclei in high yield. We argued that the existence of a DNA segment of this length in which both ends are accessible to nuclease is inconsistent with the presence of a normal nucleosome on that segment, and we suggested that the structure of the chromatin at that point must be unusual, perhaps involving the binding of some protein other than the usual complement of histones.
In this paper, we describe a search for factors that might be associated with chromatin in the 5' flanking region of the pA-globin gene. We show that partially purified extracts of chicken erythrocyte nuclei contain one or more protein factors that interact specifically with cloned plasmid DNA containing the sequence of the hypersensitive region. When the same extract is present during assembly of histones onto plasmids containing the l3A-globin gene, the resulting nucleoprotein displays nuclease sensitivity in the 5' flanking region of the gene.
MATERIALS AND 
METHODS
Preparation of Nuclear Extracts. Fertilized eggs (5-or 9-day) and adult chicken blood were obtained from Truslow Farms (Chestertown, MD). Nuclei were prepared according to the method of McGhee et al. (6) except that RSB (10 mM Tris HCl, pH 7.5/10 mM NaCI/3 mM MgCl2) was used in place of buffer A. Nuclei from chicken brain and oviduct were prepared in essentially the same manner.
Purified nuclei were resuspended in RSB at a concentration of approximately 10 mg of nuclear DNA per ml. Phenylmethanesulfonyl fluoride was added to 0.1 mM and the NaCl concentration was adjusted slowly to 0.15 M. Nuclear proteins were then extracted by incubation of nuclei for 10 min at 370C with intermittent agitation. Nuclei were pelleted in an Eppendorf centrifuge for 5 min, and supernatant was removed and stored at -70'C.
Assay for Nuclease Sensitivity. Reaction conditions for the assembly of histones and nuclear proteins onto plasmid DNA were as follows: 1 ,gg of pCAJ3G1 DNA (see Results) was incubated with approximately 40 Ag of nuclear protein extract for 30 min at 18-20'C. Chicken histones, prepared by the method of Simon and Felsenfeld (7), were incubated with a Xenopus oocyte extract containing histone assembly factors [prepared essentially by the method of Laskey et al. (8) ] for 10 min at 18-20°C and then combined with the nuclear protein/DNA mixture. Assembly proceeded for 3 hr at 18-20°C at a histone-to-DNA weight ratio of 2:1. Final buffer concentrations were 25 mM Hepes at pH 7.9, 100 mM NaCl, 3 mM MgCl2, 1 mM dithiothreitol, 5 mM sodium butyrate, and 0.1 mM phenylmethanesulfonyl fluoride, in a total reaction volume of 100 ,ul. Although this procedure generates nucleosomes, we have not shown that all bound histones are in that form.
Msp I Cleavage Sensitivity. After histone assembly, reaction mixtures were made 10 mM in MgCl2 and DNA was cleaved with 40 units of Msp I (New England BioLabs) for 30 min at 37°C. Digested DNA was then purified by phenol/ chloroform extraction and electrophoresed through a 2% agarose gel (Seakem, Rockland, ME) in Tris/acetate buffer (40 mM Tris/20 mM sodium acetate/2 mM EDTA, adjusted to pH 7.9 with acetic acid) at 50 V for 8 hr. After electrophoresis, DNA was transferred to diazobenzyloxymethyl (DBM)-paper (Schleicher & Schuell), and hybridized to a 420-bp Pvu II fragment derived from fww4l, a phage M13 mp7 clone containing the sequence -109 to -224 of the 5' flanking region of pCA,3G1 as described in detail elsewhere (6) and digested with concentrations of enzyme in the range of 0 to 40 Ag/ml for 30 min at 37TC. DNase I and II reaction products were purified by several extractions with phenol/chloroform, secondarily cleaved with EcoRI, and concentrated by precipitation with ethanol prior to fractionation on a 1.5% agarose gel at 50 V for 10 hr. The gel was transferred to DBM-paper and hybridized to a 522-bp EcoRI/Sac I fragment derived from the 5' end of pCAJ3G1 as described in detail elsewhere (6) . DNA Fragment Isolation and Radioactive Labeling. DNA fragments used as hybridization probes were purified and labeled by nick-translation according to the methods described by McGhee et al. (6) .
DNA-Cellulose Chromatography of Nuclear Extract. Prior to chromatography, nuclear proteins extracted in 0.15 M NaCl were precipitated by the addition of solid (NH4)2SO4 (Bethesda Research Laboratories) to 0.35 g/ml and dialyzed against column equilibration buffer [20 mM Hepes, pH 7.9/5 mM MgCI2/25 mM (NH4)2SO4, pH 7.9/0.1 mM EDTA/1 mM dithiothreitol/0.1% Brij-35 (Sigma)/20% (vol/vol) glycerol]. After dialysis, the protein solution was centrifuged briefly (10,000 x g, 5 min) to remove undissolved debris and loaded onto a calf thymus (double-stranded) DNA-cellulose column (kind gift of David Jackson) at a flow rate of 5 ml/hr at 4°C. The DNA-to-cellulose ratio was approximately 10 mg/g; a 2-fold weight excess of DNA (cellulose) to protein was routinely employed. After loading, the column was washed extensively with equilibration buffer until A280 of the eluate was negligible. DNA-bound proteins were then sequentially eluted with equilibration buffer containing 100, 250, and 500 mM (NH4)2SO4. With each step elution, the column was washed until the protein concentration was near zero before beginning the next step. Peak fractions from each elution were then pooled and dialyzed against equilibration buffer containing 50 mM NaCl in place of (NH4)2SO4 and without Brij-35.
After dialysis, protein fractions were analyzed by NaDodSO4/ polyacrylamide gel electrophoresis (10) followed by silver staining (11) .
Filter Binding Studies. Filter binding studies were carried out in solvents containing 0.1 M NaCl, 0.05 M Tris HCl buffer at pH 8.0, and 3 mM MgCl2 (binding buffer), following published methods (12, 13) . Appropriate restriction endonuclease digests of the plasmids pCAp3G1 or pSBD4 (a Sac I partial digest fragment of pCA/G1, cloned in pUC8, a gift of David Jackson; see by the action of polynucleotide kinase, to a typical specific activity of 4 x 106 cpm/,ug. Reaction mixtures typically contained 60 ng of this DNA, between 100 and 300 ng of the protein fraction being assayed, and between 0 and 1.5 ,g of native Escherichia coli DNA as competitor, in a total volume of 30 ul. The mixture was incubated at 0°C for 90 to 120 min, then passed through a 25-mm-diameter nitrocellulose filter (Schleicher & Schuell BA85) that previously had been boiled in binding buffer for 30 min. After passage of the reaction mixture, the filter was washed with five 0.3-ml portions of binding buffer. The amount of DNA retained on the filter was determined by Cerenkov counting, and the bound DNA was eluted by shaking the filters for 1 hr at 370C with 1 or 2 ml of 0.5x binding buffer containing 0.5% NaDodSO4. The eluate was incubated with proteinase K at 0.25 mg/ml for 1 hr at 370C, 10 gg of tRNA added as a carrier, and the DNA was precipitated with ethanol in the presence of either 0.3 M sodium acetate or 2.5 M ammonium acetate. Pellets were redissolved in 50 /l of 5 mM Tris HCl buffer, pH 8/0.4% NaDodSO4 and loaded on agarose gels; after electrophoresis, gels were dried and autoradiography was carried out with Kodak XAR-5 film and DuPont Kronex intensifying screens, usually at -700C. RESULTS Hypersensitivity Assay. We wished to detect factors that might affect the nuclease sensitivity of the 5' flanking region of the chicken PA-globin gene. Since a test of hypersensitivity requires a nucleohistone substrate, we used a Xenopus oocyte extract to assemble histones (see Methods) onto the plasmid pCAp3G1, which carries the 6.2-kilobase (kb) EcoRI fragment containing the entire PA-globin gene and about 1 kb of the 5' flanking region (see ref. 6 ). The assay for hypersensitivity involved addition, during the nucleohistone assembly process, of erythrocyte extracts, followed by nuclease digestion. It was pointed out in the Introduction that Msp I digestion of chicken erythrocyte nuclei results in release of a 115-bp fragment from the hypersensitive region. We searched for similar preferential release of this fragment upon Msp I digestion of our artificial complexes. After treatment with Msp I, DNA was isolated, electrophoresed on an agarose gel, and transferred to DBM-paper by blotting, and the paper was exposed to radioactive probe made from the 115-bp Msp I fragment cloned in phage M13. As a control for the overall accessibility in the complex of regions of this size to Msp I, a second identical blot filter was hybridized with another radioactively labeled probe made from a 113-bp Msp I fragment excised from the pBR322 vector used to construct pCAB3G1. It was also necessary to take account of the fact that there are additional Msp I cutting sites close to the 3' end of the 115-bp Msp I fragment (6) . These could give rise under some circumstances to release of somewhat longer fragments that might be confused with the 115-bp fragment. We have run gels under conditions that resolve all the longer species with the possible exception of a 125-bp fragment. We do not detect such molecules under conditions that result in specific release of the 115-bp fragment.
This assay was applied to extracts prepared from 9-dayold chicken erythrocyte nuclei. As shown in Fig. 1 , there is no selective release of the Msp I restriction fragment when the chicken nuclear extract is added after histones are assembled on the DNA substrate. However, when the extract is added either before or together with the assembly factors and histones, subsequent digestion with Msp I leads to preferential excision of the 115-bp fragment in the 5' flanking region of the PA-globin gene. In contrast, the Msp I fragment excised from the vector is present in much smaller abundance. The extract thus contains components that can confer hypersensitivity on this region in the nucleoprotein complex. A sensitive site can be generated on a linear molecule, although with somewhat lower efficiency than when closed circular DNA is used (Fig. 1, lane h) . It should be noted that there is no selective release of the Msp I globin gene fragment, relative to the vector-derived control fragment, in complexes containing only DNA and histones. This is true even at lower histone-to-DNA ratios, where the overall accessibility of Msp I sites is greater (data not shown).
We also examined the effect on this complex of digestion with bovine pancreatic DNase (DNase I). As shown in Fig.  2 , the complex formed in the presence of the nuclear extract possesses a preferential cutting site that is located about 950 bp 5' of the start of transcription. Within the limits of error, this coincides with the location of the major DNase I cutting Proc. NatL Acad Sci. USA 81 (1984) A B site observed in vivo (6) . It should be noted that this site is also cut, with much lower efficiency, by an endogenous nuclease present either in the Xenopus oocyte extract or the chicken nuclear extract (Fig. 2, lane h) . We have carried out similar experiments with spleen acid DNase (DNase II). This enzyme has a number of preferred cutting sites in the protein-free DNA of pCA/3G1, including one in the nucleasesensitive region. The same pattern of sites is seen when DNase II cuts histone complexes formed in the absence of erythrocyte extracts (Fig. 3, lanes a-d) . When the erythrocyte extract is present in the assay, cleavage in the hypersensitive region is clearly enhanced relative to cleavage at sites elsewhere in the plasmid (Fig. 3, lanes f-i) . We used the Msp I fragment release assay to search for the presence of the hypersensitivity factor in a variety of cell types (Fig. 4) . The factor is found in nuclei from adult chickens, but little or none is present in nuclei from 5-day-old embryos, and it is not detectable in nuclei from chicken brain cells (Fig. 4) or oviduct (data not shown).
We fractionated the crude extract by chromatography on double-stranded DNA-cellulose. Samples were loaded on 4 . Msp I cleavage sensitivity of reconstituted complexes generated by nuclear extracts derived from 9-day, 5-day, and adult chicken erythrocyte and 9-day chicken brain. Proteins from 9-day chicken brain and 9-day, 5-day, and adult chicken erythrocytes were extracted from nuclei that had been resuspended at equivalent concentrations (10 mg of nuclear DNA per ml); equal volumes of protein extract from each source should contain the same nuclear equivalent of hypersensitivity factor(s). The experiment is similar to that shown in Fig. 1 whatever components bound specifically to the 5' flanking region could do so only in the presence of histones, we asked whether they could also bind specifically to protein-free DNA in such a way as to retain the DNA on nitrocellulose filters. In initial experiments, the plasmid pCApG1 (14) was sequentially digested with the three restriction endonucleases-EcoRI, BamHI, and HindIll-and the fragments, terminally labeled with 32p, were used in the filter binding assay (see Materials and Methods and legend to Fig. 5 ). We found that when the HSO.25 fraction was mixed with these fragments all fragments were retained on the filter with more or less equal efficiency. However, when E. coli DNA was added to the reaction to compete for proteins that bound nonspecifically, the filter preferentially retained the 2,070-bp fragment that contains the 5' flanking region of the pA-globin gene (Fig. SA) .
In the next filter binding experiments we made use of a second plasmid, pSBD4, which contains a partial Sac I digest fragment derived from pCA/3G1 (Fig. 5) . Digestion of this plasmid with various combinations of enzymes, as shown in Fig. 5 , provided an array of fragments of different lengths excised from the 5' flanking region. In separate binding experiments, we found preferential retention of a Pvu II/Nco I fragment extending between -405 and +79, and a BstNI fragment extending between -303 and +163 (Fig. 5 B  and C) . In addition, a BstNI/Mbo II fragment extending from -303 to -40 was retained (data not shown). However, an HgiAI/Nco I fragment with termini at -268 and +79 was not specifically retained, nor was a pair of fragments with boundaries -405, -164 and -164, +198 derived from a Sac IlBal I/Pvu II triple digest (data not shown). Densitometer tracings of the autoradiograms of Fig. 5 show that the fragment containing the 5' flanking region is enriched by at least 5-to 10-fold relative to most other fragments. However, there is in each case some tendency to retain also the largest, vector-derived, fragment.
We also used the filter binding assay to analyze the other DNA-cellulose column fractions (Table 1) . In each case, the same total amount of protein was mixed with an Nco I/Pvu II digest of pSBD4. Fractions that were eluted from the column at 25 or 100 mM (NH4)2SO4 bound less total DNA to the filter than did the 250 mM (NH4)2SO4 fraction (HSO.25), while the 500 mM (NH4)2SO4 fraction bound about the same dard. Electrophoresis of this fraction on NaDodSO4/polyacrylamide gels revealed polypeptides of this size, as well as others as small as 25 kilodaltons, which presumably behave as aggregates or as complexes during Bio-Gel P-100 chromatography.
DISCUSSION
The existence in the 5' flanking region of the chicken pA_ globin gene of a 115-bp DNA segment that can be released from erythrocyte nuclei by Msp I digestion suggests that, in an active cell, this segment is not involved in a normal nucleosome structure. About one-third of the copies of the Msp I fragment are released from 14-day-old chicken erythrocyte nuclei as naked DNA (6); we have found more recently, however, that when 9-day chicken erythrocyte nuclei are used, all copies of the fragment have protein bound to them (data not shown). Although it is impossible to rule out advenProc. Nad Acad Sci. USA 81 (1984) Figs. 1-3 show that nuclear extracts from 9-day chicken erythrocyte nuclei contain a factor that results in sensitivity of this region to Msp I, DNase I, and DNase II. A positive response is not obtained when the factor is added after histone assembly (Fig. 1) , suggesting that it must recognize specific DNA sequences and that it is unable to do so if histones are bound to the DNA. Behavior of this kind has been reported for the binding of the factor TFIIIA involved in the transcription of the Xenopus 5S RNA gene (15) .
Either the factor conferring hypersensitivity is absent from nuclei isolated from brain or oviduct or its activity is masked in such cells. It is particularly interesting that the factor is almost completely absent from the nuclei of 5-dayold chicken erythrocytes, which do not make pA-globin mRNA, and in which the gene displays no hypersensitivity (Fig. 4) nuclease has been reported in this region, both within the nucleus and in isolated supercoiled plasmids (16) (17) (18) . There is no contradiction in principle between mechanisms for generating hypersensitivity that depend upon special DNA structures and those that depend upon specific protein-DNA interactions. Our data strongly suggest that the binding of a specific factor is involved at some stage in the production of the nuclease-sensitive chromatin structure, but it is not essential to the property of hypersensitivity that the factor remain in place indefinitely.
There is considerable evidence, obtained with a variety of genes, that DNA sequences affecting transcription can be located 100 bp or more in the 5' direction from the initiation point of transcription (19) (20) (21) . Dierks et al. (21) have identified such a sequence near the rabbit PA-globin gene and shown that it contains sequences homologous to those present in the 5' flanking regions of other ff3globin genes, including the chicken f3-globin gene. This may not be the only regulatory sequence present within the hypersensitive region. It remains to be determined whether the binding of the factor described here has a modulating effect on the function of this region, and if so, whether the effect is limited to the pAfglo_ bin gene.
